Climatic zoning is an essential element of most building energy efficiency programs, however there is no widely accepted scientific technique for its delineation. This paper reports an investigation on this issue, which comprised the review of climatic zoning methodologies for building energy efficiency programs adopted by 54 countries. The paper identified that the nature and magnitude of climatic variations are not the main elements in the definition of the number of climatic zones in a country. The number of climatic zones seems to be mainly driven by the expected simplicity of the final climatic zoning, respecting in most cases a maximum of 8 zones independent of the country size and climatic variations.
Introduction
The large influence of climate on building thermal performance has been known for millennia [1] [2] [3] . However, only in the second half of the last century have researchers tackled the definition of climatic zones specifically for building energy efficiency programs [4] [5] [6] [7] . In this context, a climatic zone is usually understood as a region on the Earth´s surface where climatic variables have small variation, allowing the use of uniform recommendations or mandatory values for certain building characteristics throughout the whole area within the climatic zone [8, 9] . These recommendations or mandatory values are central elements of most building energy efficiency programs [10] , stressing the important role of climate zoning in the achievement of ambitious goals for energy security, reduction of greenhouse effects to reduce the pressure on climate change, etc.
Climate zoning was not initially developed for building energy efficiency programs. Early climate classifications, dating from 1900, were general-purpose [11, 12] . Those classifications were based on the identification of climate patterns related to vegetation and gave rise to one of the most well-known climatic classifications, the Köppen system [13] . In subsequent years, many other climate classifications were developed for agriculture and other specific domains, including climate classifications in building energy efficiency programs.
Early initiatives on climatic zoning for building energy efficiency programs date from 1949-1960 and were conducted mainly in heating dominated countries with extreme weather conditions [5] [6] [7] . Today, several countries in the world are subject to climatic zoning for analysing energy efficiency in buildings [9, [14] [15] [16] [17] [18] [19] . These climatic zones are used for various purposes, supporting thermal regulations with prescriptive-based and performance-based requirements [20, 21] , standardized data for building energy calculation [22, 23] , energy standards [24] , voluntary labelling programs [25] , and design guidelines [26] .
The definition of adequate climatic zones is a complex task due to the interaction of several independent variables. Due to this complexity, climatic zoning for building energy efficiency programs is usually developed by ad hoc studies, where a variety of methods have been used [24] . A brief survey on the topic revealed large variations in the climatic zoning methodology used by different countries, ranging from simplified calculations using steady-state heat transfer [27] to complex dynamic simulations of heat, air and moisture in buildings and heating, ventilation and air-conditioning systems (HVAC) [20] . It is remarkable that so many methodologies have been used, indicating the lack of consensus regarding the appropriate methodology to conduct climatic zoning for building energy efficiency programs. The large number of new climatic zones published in the last 10 years also indicates the relevance of this topic for the public, government and research community [9, 20, [28] [29] [30] [31] .
Previous review papers on this topic provided, at the time of their publication, valid overviews of climatic zoning methodologies for a few specific regions of the world [19, 24] . These overviews addressed only a few climatic zoning methodologies and have been published more than 10 years ago. To the knowledge of the authors, there is no comprehensive and up-to-date review of the methods for climatic zoning for building energy efficiency programs. This paper aims at filling this gap by providing a thorough review of climatic zoning in fifty four countries, responsible for more than 85% of the world primary energy consumption [32] and representing approximately 71% of the world's population.
The paper is structured in 4 sections, as follows. Section 2 describes the selection of countries included in this review and the criteria adopted in the selection of supporting documentation for each country. Section 3 provides a general description of the adoption of climatic zoning over the world. Section 4 summarizes the main conclusions of this review and proposes a road map for the research on this topic.
Materials and methods
This study was performed by surveying national and international building codes, standards, scientific papers and other documents related to building energy efficiency programs. Approximately 90% of the cases reviewed in this paper are related to normative documents found mainly in international databases from entities such as the International Energy Agency (IEA), Energy Performance of Buildings Directive (EPDB), United Nations Environment Programme (UNEP) and Pacific Northwest National Laboratory (PNNL) among others. A small fraction (10%) is composed of academic research with no legal effect in their countries.
Queries using internet search engines were conducted using a wide range of keywords related to climatic zoning. The initial survey was carried out in English, Spanish, French and Portuguese, so only documents in these languages were initially included. Reference lists of documents identified in the initial survey were also used to identify documents related to climatic zoning; these documents were then reviewed independent of their language. Whenever possible, primary sources were identified and used as main source of data for this review.
There was considerable variation in the available information on the climatic zoning methodology adopted by each country. In some cases, there was only a brief description of zones, with no information about the method employed; these cases were not included in this review. Only the most recent climatic zoning was considered for each country. Some countries adopt different methodologies for climatic zoning for different seasons of the year or for different building energy regulations; in these cases each zoning was considered as an independent entity for this review.
Once the climatic zonings were identified and reviewed, the analysis of methodologies for climatic zoning was carried out country by country. This analysis consisted of the identification of parameters, climatic variables and/ or techniques used in the climatic zoning. The frequency of occurrence of each parameter, climatic variable and technique across the climatic zoning methodologies was calculated, providing the core data for this paper. Data on the combination of parameters, climatic variables and techniques were also compiled to cast light on the concomitant use of factors in methodologies for climatic zoning. A brief discussion about the relation between climatic zones, thermal comfort and building energy efficiency was also included.
The review does not address minor variations in similar methodologies for climatic zoning used by different countries.
This simplification is consistent with the paper aim, i.e. the identification of patterns and trends in climatic zoning rather than detailed discussions of the methodology adopted by each country. Even though there is a strong correlation between the climate zoning and the corresponding energy requirement, this paper only addresses the methodologies for zoning, not considering the use of climatic zones for the establishment of building energy policies, recommendations and requirements.
3 Climatic zoning for building energy efficiency programs over the world
Adoption of climatic zoning over the world
The work based on the methodology described in Section 2 identified a total of 54 countries with climatic zoning for building energy efficiency programs. Some countries have more than one climatic zoning, resulting in this review addressing a total of 64 climatic zonings. Appendix 1 shows a list of countries and documentation used in the analysis.
These countries are shown in Figure 1 , representing 70% of the world land surface and 71% of the world population [33] being responsible of 85% of the total primary energy consumption [32] . This initial finding highlights the importance and widespread use of climatic zoning nowadays. Many countries are not addressed by this study, as they may not have climatic zoning, or there was not enough information available about their climatic zoning in the languages covered by this study.
These omissions should be clarified in future studies.
The analysis of documentation listed in Appendix 1 reveals that around 75% of the documents used in this review were published after the year 2000. The nature of documentation varies substantially (reports, standards, laws, guidelines), therefore the date of publication may not always precisely match the age of the climatic zoning in that particular country.
In spite of some eventual imprecision, it is reasonable to say that a considerably large number of countries revised or introduced climatic zoning in the last 15 years. This intense activity on climatic zoning stresses the importance of this subject and it reflects the increasing awareness of countries on the importance of building energy efficiency programs.
Nevertheless, the large variation of approaches adopted in the climatic zoning indicates the lack of a proven and widely accepted methodology, even after more than a half-century from early initiatives in this field [5] [6] [7] 34 ].
Amount of zones per country and variation in the extent of climatic zones
Defining the number of zones necessary to capture climatic variation is an essential part of the climatic zoning process.
Data collected in this review indicates no direct relation in the cases analysed between the number of climatic zones and the country area (Figure 2 ). On the one hand, small countries adopt zones with high resolution in space to address specific geographical, climatic or political divisions. On the other hand, large countries limit the amount of zones for practical reasons, sometimes ignoring what can be considered a small variation when compared to the size of the whole country.
The correct number of zones necessary to characterize a country is essential to the success of any building energy efficiency
program. An excessively high number of zones lead to overcomplicated building energy efficiency programs, making their use and adoption difficult. An excessively low number leads to extensive zones with large climatic variations within the zone, making them inappropriate for any building energy efficiency program.
Climatic zoning in the United States of America (USA) can be used to exemplify the challenges in the definition of the proper number of climatic zones. This large country has a national building code applicable to its whole territory, but it has also building regulations at state level addressing smaller fractions of its territory [35] . According to the International Energy Conservation Code [36] and the ASHRAE Standard 90.1 [37] , the USA is divided into 17 zones (Figure 3b Tunisian climatic zoning can also be used to exemplify the complexity in the definition of the number of zones needed.
This country has two climatic classifications, one for thermal regulation purposes (with three zones) and another for passive building design guidelines (with ten zones) ( Figure 4 ). Both climatic zoning schemes were developed using the same method but the result was conditioned by the performance metrics adopted in each case (energy consumption in HVAC and thermal comfort in buildings with no HVAC respectively). As a consequence, the climatic zoning developed for thermal regulation purpose shows little sensitivity for some climatic variables, such as wind speed and direction. The one developed to establish passive design guidelines was strongly influenced by all climatic variables and other local particularities [39] . The average area per zone in these two climatic zoning classifications are in the same order of magnitude, ranging from 1.10 3 km² to 5.10 3 km², both much smaller than the average zone size in California.
The contrast between small and large states/countries can be further observed by the average area of each zone per state/country, which varies by a factor of around 3000, ranging from approximately 10 3 km² to 1. Figure 5a indicates a direct connection between area per zone and country size. Most countries adopt a similar total number of zones and simply divide its territory by this number. Figure 5b shows that in 76% of the countries the number of zones varies very little, ranging between 3 and 8. This is a small variation considering that the areas of these countries vary by a factor of around 3700. These data may indicate that practical reasons (and not climatic variations as one would expect) are the main driving forces in the definition of the number of zones, as 3 to 8 zones are easily manageable in building energy efficiency programs. These data indicate that some large countries may have oversimplified climatic zoning while some small countries may have climatic zoning which are excessively and unnecessarily complex.
Climatic zoning is usually adopted to guide requirements for the construction industry, having high economic impact.
However, they are the target of strong criticism [31, [40] [41] [42] [43] [44] . This criticism can severely delay the transition from voluntary to mandatory requirements in some countries, as for example in Brazil where climatic zoning took more than a decade to become part of building requirements [14, 45] . An arbitrary number of zones may increase criticism, particularly in cases of neighbouring areas with similar climates, but located on opposite sides of boundaries between adjacent zones. Figure 6 exemplifies this situation, by highlighting a region of California State (zone 2 in state climate zoning) having areas placed in different climatic zones in the USA (zones 3B, 3C, 4B, 4D). Such neighbouring areas will face different construction requirements according to USA standards for zones 3B, 3C, 4B, 4D in spite of similar climates as acknowledged by the State zoning [40] . Another example of this situation can be found in the triple border of Argentina, Brazil and Uruguay, all countries with similar construction industry and economic development. Near this triple point, recommended U-values for roofs based on climatic zoning vary from 0.5 to 2 W/m 2 K depending on which side of the border the building is placed [19, 46] , in spite of negligible climatic variations in this region.
From the discussion above, it is clear there is a need to adopt reliable methods for deciding the appropriate number of zones in the climatic zoning process. Nevertheless, little or no information about this decision is available in the documentation analysed for this paper. Findings indicate: (a) an interest in using a minimum number of zones to keep simplicity for regulatory provisions [8] . and (b) the pursuit of consistency between climatic zoning and other geographic features [24] which in extreme cases leads to climatic zoning matching administrative division [9] . It can be concluded that, at the moment, there is no scientific method widely accepted to deal with the trade-offs between complexity and accuracy in the definition of the number of climatic zones necessary in a country for a given purpose (e.g. regulation and design guidelines).
Purpose of climatic zoning
Climatic zoning schemes for buildings have been created for a number of purposes. Independent of the purpose, most climatic zoning classifications started as academic or institutional research, going through a process of discussion and validation before being embedded in voluntary or mandatory regulations [24] . This process is conditioned by particularities of each country and the status of their building energy programs. In spite of these particularities, climatic zoning can be classified based on its purpose in three groups: performance-based requirements, prescriptive-based requirements and passive design guidelines (the frequencies of these three groups are indicated in Figure 7 ). The role of climatic zoning in these three groups is briefly discussed in the following paragraphs.
Performance-based approaches generally refer to the building as a whole, assessed using high-level indicators such as total energy consumption, energy cost and/or thermal comfort, and indoor air quality. This approach is more flexible than the prescriptive approach and promotes innovation in building energy efficiency programs [47] . In this study, 36% of the climatic zoning classifications were developed to support performance-based regulations, usually indicating maximum values for energy consumption or hours of discomfort for each zone for different building archetypes. Weather data for building energy assessment is established for each zone in order to facilitate and standardize the building energy calculation process. The cases of France [48] and Finland [49] illustrate this group.
Prescriptive-based approaches are frequently related to minimum (or maximum) values allowed for certain thermal properties of building envelope components, such as U-values, Solar Heat Gain Coefficient (SHGC) and Window-to-Wall Ratio (WWR), and Coefficient of Performance (COP) of HVAC systems. This approach is simple to implement and capable of providing significant energy saving in many cases. These advantages make the prescriptive-based approach widely used in building energy programs [50] . This wide use is also illustrated in this study as more than 50% of climatic zoning classifications are associated with prescriptive-based approaches. Examples of this approach are China [51] and Greece [27] .
A third group of climatic zoning schemes is related to passive design guidelines, taking advantage of natural resources to minimize energy use in buildings. These guidelines are usually associated with the building's shape, orientation, building envelope properties and passive heating/cooling strategies [52, 53] . They are generally applicable in early design stages of the project, when the highest potential of building performance improvement occurs. This type of approach applies to around 14% of the cases analysed in this paper. Examples are Colombia [28] and Thailand [54] .
Relation with climatic zones, thermal comfort and building energy efficiency
The relation between climatic zone and energy efficiency differs significantly among countries, as the weather is not the only driver of energy consumption in buildings [55] . In particular, buildings characteristics and technologies differs significantly throughout the globe impacting in the energy performance of buildings. In some countries, representative values of weather data for energy load calculation are established for each climatic zone, while buildings energy use and CO2 emissions should respect certain limit through all the country [22] . In other countries, there are specific performance targets for each climatic zone [48] . In France, for example, there is a maximum allowed annual consumption of primary energy of the building taking into account performances of HVAC system, domestic hot water (DHW) and artificial lighting which varies according to the climate zone [48] . In Morocco, a limit in HVAC demand is established for different archetypes and climatic zones expressed in KWh/m 2 /year [20] . Morocco climatic zoning is based on building energy simulation, and results were used to demonstrate savings up to 73% (in energy needs for heating and cooling) due to the adoption of climatic zones and building recommendation [20] . The case of Morocco is the exception in climatic zoning as for most countries there is no information available on the relation between zoning and energy performance gains.
Climatic zoning in some tropical countries is driven by concerns on improving thermal comfort in the many buildings with no HVAC systems [14, 45, 56] . Climatic variables are post-processed using predesign tools, which are further discussed in sections 4.6 and 4.7 [29, 57] . These tools compare climatic data with comfort requirements, supporting the definition of climatic zones and prescribing suitable building characteristics to maximize indoor comfort when there is no HVAC systems [58] . As thermal comfort preferences are climate reliant [59] [60] [61] , the definition of the most adequate comfort zone and design guidelines depend on the context it is applied. For instance, as indicated in Figure 8 , climatic zoning in northeast India was based in Milne and Givoni psychometric chart [57] , while in Nepal, the thermal comfort zone for hot climates defined by Givoni was used instead [29] . In Brazil, climatic zoning was based in an adaptation of Givoni' s work [14] . The outcome of Brazilian climatic zoning have been target by criticism in face of the latest advances in thermal comfort research considering adaptive models [62, 63] .
Thermal comfort indicators are also used as performance indicators in simulation-based climatic zoning (discussed in section 4.4). Building energy simulation programs provide a flexible approach and allow the use of several thermal performance indicators such as hours of discomfort above, a reference operative temperature, PMV values, the adaptive thermal comfort model among others [63] . Those indicators are often used in accordance to each country legislation [64] [65] [66] to define their climatic zoning. There is no evidence in the literature reviewed in this paper on the overall impact in thermal comfort by the adoption of climatic zoning and corresponding building recommendations. The quantification of such impact is in fact cumbersome, particularly in cases where large data sets of measured data or simulation for the entire building stock are not available.
Methodologies and variables for climatic zoning for building energy efficiency programs

Variable, technique and/ or criterion used in the climatic zoning
The review methodologies adopted by 54 countries for climate zoning reveal a large variability in approaches. This variability can be seen in Table 1 , which shows a list of climatic variables, techniques for energy assessment and other criteria used by countries in their climatic zoning methodology. A total of 19 different variables, techniques and criteria are used, some more frequently than others but none used unanimously by the 54 countries analysed. In fact, the identification of so many approaches highlights the lack of consensus regarding the most suitable technique for climate zoning for building energy efficiency programs, stressing the need for further research in this field.
For clarity, these variables, techniques and criteria were classified in Table 1 in three groups: (a) climatic variables, (b) techniques for energy assessment and climate data processing and (c) other parameters. Figure 9 shows the frequency of use of each of them, which shows a clear prevalence of air temperature as a key variable in the definition of climatic zones.
The frequency data of Figure 9 is further discussed in the following sub-sections, which discuss in detail the different approaches listed in Figure 9 , addressing their strengths and weaknesses.
Climatic variables
Each climatic variable is expected to have a specific role in climate zoning methodologies for building energy efficiency programs, as each one of them contributes in different ways to variations of thermal loads, energy use of HVAC systems, lighting and energy production from solar and wind-based renewable systems [67, 68] . However, quantifying the impact of climatic variables on energy usage of buildings is quite complex as these variables interact with several building and HVAC properties in the building energy balance [55, 69] .
This study identified six climatic variables that were directly used in climatic zoning for building energy efficiency programs (Figure 9a ), i.e. these variables were used as stand-alone entities being analysed in terms of frequency of occurrence, maximum and minimum values. From the six climatic variables, temperature is by far the most used, being present in 56% of cases. The prevalence of temperature as a key climatic zoning parameter was expected, as it is usually seen as a major indicator of energy demand of HVAC systems. Energy demand of HVAC has a non-linear relationship with temperature, which is reasonably simple and predictable in cold climate but is erratic in warm countries due to the influence of other variables on cooling energy demand such as humidity, solar radiation, and wind [70] . Finland is a good example of a country with a cold climate using temperature as the primary input in its climatic zoning [49] . Figure 10a shows Finland climatic zoning, where outside design temperature is strongly correlated with latitude variations (which are also correlated to solar radiation intensity). In the Finish climatic zoning methodology, temperature was successfully used as it can be understood as a proxy of other climatic variables (e.g. solar radiation) which play important roles in building heating energy consumption. Ecuador is an example of country with a warm climate where temperature is the sole input for climatic zoning Figure 10b shows that climatic zoning of Equator takes advantage of the strong correlation between altitude and temperature in the Andes.
Altitude is also strongly correlated to other climatic variables (e.g. cloudiness and solar radiation), but temperature and altitude cannot capture variations in rainfall and humidity between the Pacific Ocean side (west of the Andes) and the Amazon forest side (east of the Andes) (see rainfall intensity in Figure 10c ). In this case, the sole use of temperature leads to an oversimplification of the climate zoning, ignoring the role of important elements for building energy performance, such as latent loads of HVAC, evaporative cooling solutions, thermal amplitude and its implications in HVAC controls and night ventilation solutions.
Relative humidity [71] or water vapor pressure, which are correlated indicators, is used as a complementary zoning parameter in 17% of the cases of this study. Those parameters are also related to rainfall intensity which appears in 10% of the cases, included in the ASHRAE method [24] applied to the USA, Puerto Rico and México. The ASHRAE method is also included in the International Energy Conservation Code [36] , which covers more than 3012 locations outside the United States and Canada. These variables were used to complement climatic zoning methodologies based on temperature in order to cover a wide range of correlated important elements for cooling and heating energy consumption in buildings.
Solar radiation [72] is present in 16% of the cases. In hot climates, this variable is important because it is usually the main source of heat gains contributing to rising indoor temperatures. In cold climates, solar radiation can reduce buildings' heating energy consumption; however, it may also cause overheating during the summer. Solar radiation is also important for solar based renewable systems, which are issues of concern in some building energy efficiency programs [73] . Solar radiation is used, for example in the climatic zoning proposed for Net Zero energy buildings in Brazil, where solar radiation is used in combination with other variables and techniques to estimate renewable systems potential [74] .
Wind velocity and direction are important parameters for buildings' thermal performance, particularly in poorly insulated buildings and buildings with natural ventilation for cooling purposes. Data availability and complexity of wind patterns usually reduce the usage of these data in climatic zoning methodologies. At the macro scale, wind modifies the temperature of the region according to movement of large air masses, an effect that is already captured by air temperature.
At the building scale, wind affects building infiltration, ventilation, convective heat and mass transfer and people's perception of comfort. Wind is present in 9% of the cases of this study; among them Madagascar is an example where zones are defined according to the wind speed and frequency (in combination with other climatic variables) [56] .
Another important variable related to building energy demand is thermal amplitude, which is present in 6% of the cases.
Thermal amplitude is the numerical difference between maximum and minimum temperatures observed in a given location over a specified time period. This variable is considered a key indicator for selecting bioclimatic design responses to keep indoor air temperature within comfortable ranges [75] . Thermal amplitude is strongly correlated with other variables such as relative humidity and the presence of bodies of water in the region. Argentinean climatic zoning [15] is an example of classifications taking into account this variable as a complementary parameter for classification.
This section addressed the role of six climatic variables in climatic zoning methodologies. The next sections are dedicated to techniques for energy assessment, climate data processing and other parameters listed in Table 1 .
Degree days
The degree day approach is one of the most commonly used techniques for climate zoning, being used in 38% of the cases of this study. Degree days are calculated from the summation of the differences between the outdoor temperature and a base temperature over a specified time period. The base temperature is arbitrary, but it is usually defined as the external temperature where HVAC systems do not need to work to maintain comfort conditions inside the building. Degree days capture variations of outdoor temperature in terms of amplitude and frequency with respect to a reference temperature [76] .
This approach had its origin in agricultural research and was transferred to the building energy field in the decade of 1930 [77] . The degree days approach can be used in steady-state calculations to estimate energy demand for cooling and heating systems based on the U-value of construction materials.
Degree days have the advantage of being simple and having a reduced number of input variables, which diminishes errors in the climatic zoning. Due to its simplicity, degree days have been widely used in the building energy field and they are a reliable indicator of building energy consumption in cold climates [69] . Despite its advantages, this technique provides a partial understanding of the influence of climatic variables in buildings as it disregards the impact of solar radiation, wind speed and humidity. These additional variables are important in hot humid climates, where solar gains and latent loads have a large influence on building energy performance. Therefore, in most cases the degree days approach has been used for climatic zoning in combination with other climatic variables, such as in the ASHRAE method [24] mentioned above.
Building energy simulation
Building energy simulation has been used in 8% of cases analyzed in this study. Simulation programs are considered the most accurate method to predict thermal building performance, providing a better understanding of the consequences of design decisions [78] . They emerged in the decade of 1960 and since then have continuously evolved and matured [78] [79] [80] . Nowadays, their accuracy and interoperability with other programs allows the performance assessment of a broad range of architectural and engineering solutions, which makes possible the establishment of detailed predictive-based and performance-based requirements for building energy efficiency programs [81, 82] . However there are some constraints in the use of building simulation, such as the need to predefine a design hypothesis which varies according to architectural typology, HVAC, occupational patterns and building control. In addition, there is a need for detailed climatic data [67, 83] , which are not always available for the regions of interest. Such complexity makes climatic zoning by building energy simulation not always feasible and also prone to errors.
Building energy simulation has shown great potential when applied to climate zoning, particularly through parametric analysis as, for example, in the case of Morocco [20] . In Morocco, thermal regulations and climatic zoning were defined with the aid of simulation, indicating prescriptive-based and performance-based requirements for residential and commercial buildings. Cooling and heating energy demand was used as climatic zoning indicator, as cities were grouped in zones according to different combinations of these two parameters (Figure11). The study was performed with TRNSYS software [84] .
Cluster analysis
Cluster analysis is the general name for a variety of techniques for data classification and segmentation, present in 6% of the cases in this study. For climatic zoning purposes, clustering is either applied alone or using factorial analyses to preprocess data and reduce the number of variables for clustering [85] . Cluster analysis has been applied in atmospheric research to find homogeneous climate zones based on meteorological parameters. It is considered a multivariate pattern recognition technique that helps to investigate climate data under various aspects simultaneously for a wide range of research questions [86] . This method emerged as a major analysis technique in the decades of 1960 and 1970 [87] .
The use of cluster analysis in climatic zoning has two main advantages. Firstly, cluster analysis makes possible the use of large range of climatic and geographical variables which may influence building energy performance, avoiding oversimplifications already described in most methods which are focused on a single or few variables. Secondly, and most importantly, cluster analysis can combine climatic variables with building properties (such as U-values) and energy performance (from simulations or smart meter data), providing an unique approach to define climatic zones based on relevant aspects for building performance (building properties and energy consumption). Judgment must be used in many stages of analysis cluster analysis, which provides the means for decision making and customization in the climatic zoning process [24] . France is an example of country which defined its climatic zones using a combination of clustering and factorial analyses [34] , subsequently used in its thermal regulation [48] .
Givoni bioclimatic chart
The Givoni bioclimatic chart [58] is a pre-design bioclimatic tool used in 5% of the cases analysed in this study. This tool correlates passive design strategies with external air temperatures and relative humidity using a custom psychrometric chart. This bioclimatic chart was developed by Givoni [58] based on Olgyay's work [88] and over the years it has been the subject of several improvements and adaptations to different contexts [14] .
The main advantages of the Givoni bioclimatic chart are its easiness of application and the reduced number of input variables, which reduce errors in the zoning process. However, as with other approaches already described in this paper, the Givoni bioclimatic chart disregards some climatic variables that influence thermal behaviour of buildings, such as solar radiation and wind exposure. In fact, some studies raised questions about the generalized applicability of this tool [89] and pointed out its limitation in the face of recent developments in adaptive thermal comfort [90] . An example of Givoni bioclimatic chart application for climatic zoning definition can be found in Brazil [14] , where this tool was used with
Mahoney tables to define climatic zones and draw recommendations of passive design strategies for social housing ( Figure   12 ).
Mahoney tables
Mahoney tables are used in a few cases analysed in this study (3%). This method was developed by Carl Mahoney, Martin
Evans and Otto Königsberger [91] and provides passive design recommendations in early design stages based on monthly climatic data. The main advantages of Mahoney tables are the simplicity and low input requirements. Predominant climatic features are identified using Mahoney tables, and consequently, the corresponding passive design solution. However, it is not meant to support detailed prescriptive-based or performance-based recommendations. In addition to this, comfort limits established in this method are mostly aimed at tropical climate, being less accurate in colder climates [92] . For climatic zoning purposes, Mahoney tables have been applied only in Brazil [14] and Nigeria [93] .
Other parameters
There is a third group of parameters composed of a diverse set of indicators not directly related to the analysis of climate data or building performance. These parameters are related to geographical, urban, architectural and administrative characteristics of a location and they are present in 54% of the climatic zoning analysed in this study. Among them, altitude is the most used indicator. It is considered as a complementary parameter of climatic zoning in 22% of the cases analyzed in this study. This geographical characteristic has a well-known correlation with temperature variation [94] as shown in the example of Ecuador (Figure 10b ). Altitude is particularly useful and often used to interpolate climatic data when there are not enough weather stations to delineate a high resolution map.
Division for administrative purposes is used in 16% of the countries. This criterion facilitates the implementation of building energy efficiency programs; however, it decouples climatic zoning from climatic data. By facilitating the implementation, this approach puts at risk the applicability of climatic zoning as zones may have no meaning in terms of climate and building energy performance.
Seasonality is used in 16% of the cases of this study. Defining separate climatic zonings for summer and winter adds complexity to the climatic zoning process, but it can enhance the definition of building requirements targeting separately cooling or heating needs. It also demonstrates the understanding that climatic data vary in space (hence the need for climatic zones), but this variation in space may assume different boundaries over the year (hence the need for climatic zones for each season). Seasonality is addressed differently from one country to another. In Portugal [95] , for example, there are separate maps for winter and summer thermal requirements ( Figure 13 ). In Spain [96] and France [48] , there is a main zone division and specific subdivisions targeting thermal requirements for summer and winter.
There is a reduced number of countries using the remaining parameters listed in Table 1 , such as vernacular architecture [97] , Köppen climate classification [98] , thermal inversion [99] , size of urban agglomeration [34] and thermal comfort index [15] . These parameters will not be further analyzed here, as they were adopted by a single country and this paper is focused on general trends in climatic zoning for building energy programs.
Combination of methodologies
The previous sections described a variety of techniques used in the climatic zoning of the many countries covered by this review. This section briefly discusses the trends in the combination of these techniques adopted by different countries. Figure 14 shows the frequency of occurrence for the number of techniques used simultaneously by different countries in their climatic zoning methodology. Around one out of three cases (31%) relies on a single technique to define climatic zoning. Temperature, degree days and simulation are the most used techniques (or variables) in these cases. In 31% of the cases, two techniques were combined, usually using temperature or degree days in combination with some indicator of humidity level (e.g. relative humidity, vapor pressure, rainfall).
Four out of five cases analysed in this study (78%) used up to three techniques or variables to define climatic zoning for building energy efficiency programs. Seasonality, altitude and solar radiation are sometimes, but not often, combined with temperature, degree days, humidity or administrative division in these cases. These results indicate that very few aspects are actually taken into account in the current climatic zoning methodologies. A possible explanation for this result is the difficulty of handling large datasets, with several variables sparsely distributed in space. The recent popularization of Geographic Information Systems (GIS) greatly facilitate the necessary data manipulation for climatic zoning. Nevertheless GIS does not solve by itself the methodological challenge of extracting meaningful zones from several climatic variables.
In face of this challenge, most countries appear to create an initial version of the climatic zoning using a single variables and adopting bandwidths of arbitrary size. This initial version is then refined by sub-dividing zones based on a second or third variable, such as humidity and/or solar radiation. This straightforward approach can certainly produce useful results, as most countries are currently adopting climatic zoning based on it. Nevertheless it has major limitations which were highlighted in this review paper.
Conclusions
The following conclusions can be drawn from the large amount of data collected and analysed in this paper:
 Approximately 70% of the world land surface is subject to climate zoning for building energy efficiency programs, representing 71% of world population and 85% of the total primary energy consumption.
 A significant number of countries revised or introduced climatic zoning in the last 15 years.  The number of zones does not seem to be related to climatic variations, but it is most probably driven by the expected simplicity of the final climatic zoning (with up 4to 8 zones being the standard practice).
 This review could not identify any scientific method widely accepted to deal with the trade-offs between complexity and accuracy in the definition of the number of climatic zones necessary in a country for a given purpose (e.g. regulation and design guidelines).
 Climate zones for building energy efficiency programs are developed with a variety of goals, but most of them (86%) are designed to support performance-based and/or prescriptive-based requirements for building regulation.
 The most used variables, techniques and parameters for climate zoning are: temperature, degree days, altitude and relative humidity.
 Four out of five cases analysed in this study (78%) used up to three variables/techniques/parameters to define climatic zoning for building energy efficiency programs. This simplicity comes at the cost of ignoring several aspects of climate and building energy performance.
 There is an increase over the years in the use of building performance simulation to assist in the definition of climate zones, moving from a weather-based approach to a performance-based approach. There is no established framework for the use of simulation in the definition of climate zones for building energy programs.
 From the techniques identified in this review, only the combination of building performance simulation and cluster analysis seems to provide robust tools to tackle the complex relations between climate and building energy performance. These tools do not necessarily lead to improved climatic zoning, but they provide the means to explore scenarios and support evidence-based decision making in energy policy.
 The lack of consensus in several aspects of climate zoning in different countries indicates the need for further research in this area. 
